Dimensions and spatial distribution of vessels are critically important features of woody stems, allowing for adaptation to different environments through their effects on hydraulic efficiency and vulnerability to embolism. Although our understanding of vessel development is poor, basipetal transport of auxin through the cambial zone may play an important role.
It is difficult to overstate the importance of vessel structure and patterning to woody plant biology. Evolutionarily, vessels are derived from tracheids, which when freed from the requirement to provide mechanical support were able to specialize in water transport. They became wider and coordinated their development with longitudinally aligned neighbors to form multicelled, low-resistance conduits . Physiologically, the size and spatial distribution of vessels in a woody plant is a major determinant of the environments in which it will survive. Vessel diameter, length, grouping, and porosity (i.e., the distribution of diameters throughout a growth increment; IAWA, 1989; Carlquist, 2009 ) all affect the efficiency with which water is delivered from the roots to the crown, through their combined effects on simple resistance to flow as well as embolism resistance, tolerance, and spread (reviewed by Spicer, 2016) . Vessel structure and spatial distribution also affect material properties of wood that are important for utilization, most notably the permeability to gas and liquid, key factors in solvent penetration, enzymatic digestion, lumber drying and steam softening, among other processes (Peralta, 2001) .
Despite this importance, we know almost nothing about what determines vessel element cell fate among the meristematic derivatives of the vascular cambium (which in turn determines their spatial distribution) and surprisingly little about what regulates the developmental program that leads to vessels (which would determine their dimensions and cell wall characteristics). There are good logical reasons to expect that auxin is involved in vessel patterning in wood, however (Hacke et al., 2017) , and unusual vessel arrangements have been shown in stems with altered auxin physiology (Junghans et al., 2004 (Junghans et al., , 2006 . First, it is well known that polar auxin transport (PAT; directional transport driven primarily by the PIN-FORMED (PIN) family of proteins; Galweiler et al., 1998) is required for proper vascular development in primary tissues, most notably in developing leaves where PIN-driven transport delineates files of cells that differentiate into procambium and ultimately vascular bundles (Aloni et al., 2003; Reinhardt et al., 2003; Scarpella et al., 2006 Scarpella et al., , 2010 . This general process was first described as the canalization hypothesis (Sachs, 1969) in which auxin flux was theorized to cause an increased capacity for auxin transport, creating a positive feedback loop and causing auxin to be gradually "canalized" into discrete files of cells. The question is whether the axially coordinated differentiation of vessel elements, which occurs after procambium differentiation, is also guided by PAT (i.e., a second round of auxin "canalization" might occur through files of procambial cells to delineate incipient vessels). In primary shoots the procambium differentiates acropetally (Larson, 1975 (Larson, , 1976 (Larson, , 1980 , effectively tracing a stream of PAT descending from an emerging leaf above. The earliest protoxylem vessels form within clusters of these procambial cells, still active in PAT, which are continuous with the vascular cambium below (Spicer et al., 2013) . The cambial zone has also long been known to contain a high concentration of auxin (Sundberg et al., 2000) , specifically of indole-3-acetic acid (IAA; the primary auxin in plants), and to be active in PAT (Schrader et al., 2003; Carraro et al., 2012; Spicer et al., 2013) . The role of IAA is discussed more below.
Second, vessel development is characterized by extreme cell expansion, and turgor-driven cell growth relies on auxin. Vessel elements expand rapidly before the deposition of secondary wall material, and in species with large vessels this expansion may involve increases of nearly 1000% relative to the diameter of the cambial initial (e.g., if a 10-20 μm diameter initial yielded a 200μm diameter vessel). In the acid growth model of cell expansion, auxin activates H + -ATPases in the plasma membrane to drive the acidification of the extracellular matrix Cleland, 1977, 1992; Spartz et al., 2014) , which in turn activates expansins that loosen the primary cell wall, ultimately leading to water uptake and volume expansion. Auxin may even facilitate vessel expansion by signaling events leading to the chemical modification of pectin, allowing for slippage between neighboring cells (Siedlecka et al., 2008; Braybrook and Peaucelle, 2013) . Last, although the relevance of Zinnia mesophyll cell transdifferentiation to in planta vessel development is debatable, PAT appears to be required for tracheary element formation in this system (Yoshida et al., 2005 (Yoshida et al., , 2009 .
Auxin forms a gradient across the cambial zone with peak levels of IAA in the vicinity of the cambial initials and immediate xylemside derivatives, but drops down to undetectable levels in both the mature xylem and phloem (Uggla et al., 1996 (Uggla et al., , 1998 Tuominen et al., 1997) . Sets of auxin-responsive genes have also been identified in cambial tissues (Nilsson et al., 2008) . However, it is now clear that auxin is involved in multiple processes in developing xylem, many or all of which involve interactions with other hormones, including ethylene, brassinosteroids, gibberellins, and cytokinins (Bjorklund et al., 2007; Nieminen et al., 2008; Ibanes et al., 2009; Love et al., 2009; Gerttula et al., 2015) . Thus, even small-scale, tissue-specific quantification of IAA must be interpreted with caution, especially given that tissues may vary in their competence to respond (Schrader et al., 2003 (Schrader et al., , 2004 .
The work described here provides preliminary evidence that polar auxin transport, and likely basipetal transport specifically, is important for vessel spatial pattering and size determination and that by altering auxin transport it is possible to shape the basic hydraulic properties of a woody stem. A role of auxin transport in vessel differentiation and patterning would serve to link foliar development with stem hydraulic capacity and could provide the basis for variation in porosity on wood.
MATERIALS AND METHODS

Plant material
Twenty-five individuals of Populus tremula ×alba (INRA 717-IB4) were initially propagated via sterile tissue culture (4-6 weeks) and then grown in pots (15 cm wide × 46 cm tall) in a greenhouse with automatic watering, slow-release fertilizer (15-9-12 N-P-K) and supplemental lighting (metal halide lamps for a minimum 16-h day). After 10 wk, plants were randomly assigned to one of two treatments, at which time they were 62 ± 1 cm (mean ± SE) tall with a 0.7 ± 0.1 cm diameter at the base. In one treatment (NPA), the auxin transport inhibitor N-1-naphthylphthalamic acid (Scanlon, 2003) was dissolved in dimethyl sulfoxide (DMSO) and applied at 30 μM in lanolin to the lower portion of the stem. A narrow strip of lanolin was applied over a 25-cm length beginning about 2.5 cm above the soil, spread evenly with an applicator to cover about one third of the stem circumference, and covered in aluminum foil. About 1-1.5 mL of lanolin were applied to each plant, and control plants received an identical treatment of lanolin + DMSO but lacking NPA. Plants then grew for another 5-6 wk, when they were 158 ± 3 cm tall with a 1.1 ± 0.2 cm diameter at the base.
In developing this method, it was critical to apply the treatments to a region of the stem that was below the point where leaves transition from photosynthate sinks to sources and, ideally, to a region in which the predominant phloem transport in the stem was basipetal. Targeting this region was necessary to prevent NPA entering the phloem (an unavoidable result if NPA is to reach the cambium) and being transported to the expanding leaves above, the development of which, specifically venation, is highly dependent on polar auxin transport (Scarpella et al., 2006 (Scarpella et al., , 2010 . This transition can be approximated as the point at which leaves reach one-half of full expansion (Turgeon, 1989 (Turgeon, , 2006 and was checked by monitoring the transport of 5(6) carboxyfluorescein diacetate (CFDA) applied to leaves of different ages in plants of approximately the same age and size of those used in this experiment (Appendix S1, see Supplemental Data with this article). Briefly, 0.05% CFDA in water was applied to the abraded surface (about 6 mm 2 ) of different-aged leaves and allowed to load for roughly 12 h. Thick sections were cut with a sliding microtome from petioles (30 μm) to check for export and from stems (60 μm) 1 cm above and below the loaded leaf (to check for direction of transport) and viewed with epifluorescence (470 excitation/525 emission) with a 4× objective. The seventh leaf beneath the apex (L7) frequently exported CFDA both upward and downward in the stem, and whereas L9 and below exported exclusively downward (Appendix S2). The uppermost boundary of the applied treatment here was typically around L14, which was approaching full expansion (typically L16) and could be safely assumed to transport photosynthate downward in the phloem.
Hydraulic conductivity
Before harvest, plants were watered, misted, and placed in lightblocking bags overnight to minimize tension in the xylem. At the time of harvest, whole pots were submerged in a tub of water and then cut at the base to make the cut underwater. Leaves were removed, and a distal cut was also made underwater to produce a 30-cm-long segment that contained the treated region. Samples were kept submerged for transport to the laboratory.
Specific conductivity (k s , m 2 ·s −1 ·MPa −1 ) was calculated following (Sperry et al., 1988) by measuring the flow rate (Q, m 3 ·s −1 ) under a known pressure gradient (ΔP, MPa), the length of the stem segment (l, m), and the area of the conducting xylem (A, m 2 ):
Flow rates were measured on stem segments trimmed under water to about 25 cm long under a gravimetric pressure head of 0.01 MPa with degassed, 0.22-μm-filtered, 10 mM KCl. The solution was delivered to the apical end and collected from the basal end to prevent leakage from cut petioles, and segments were acclimated for 10 min to allow flow rates to stabilize before measurements. Average initial flow rate was calculated by attaching a 1 mL pipet to the basal end and timing the movement of a meniscus across multiple graduated increments (e.g., typical rates allowed for five measurements across repeated 0.05 mL graduations). Because initial measurements would include the effect of embolism within the stem at the time of harvest, samples were then flushed with KCl (similarly degassed and filtered) at 0.2 MPa for 30 min (Sperry et al., 1988) , reacclimated to flow under 0.01 MPa for 10 min and measured again for flow rate. Samples were then perfused with degassed, 0.22-μm-filtered 0.2% acid fuchsin at 0.01 MPa for 5 min to determine xylem-conducting area. About 0.5 cm was trimmed off of each end, and the diameter of the stained area and the diameter of the pith (unstained) were measured at two positions perpendicular to one another. Taper in most samples was minimal, and the area of conducting xylem was estimated as the mean of the apical and basal ends minus the pith. Acid fuchsin consistently stained the full region of mature (i.e., functional) xylem.
Vessel length
Vessel lengths were determined for a subsample of the segments measured for k s (n = 4) via silicone perfusion Hacke et al., 2007) . A low viscosity, catalyst-cured silicone (BLUESIL RTV-2; Elkem Silicones USA Corp., East Brunswick, NJ, USA) was mixed per manufacturer's instructions, combined with a fluorescent brightening agent, 1% w/v 2,5-bis(5-tert-butyl-benzoxa zol-2-yl)thiophene (Sigma-Aldrich, St. Louis, MO, USA) in chloroform, at 50 μL/g and degassed for 30 min. Degassed silicone was delivered to the freshly trimmed apical end of samples via tubing and perfused under 50 kPa pressure overnight (16-18 h). Samples were cured at 70°C for 2 h, cut with a fine-toothed miter saw into approximately 1-cm-long segments, and sectioned at 30 μm with a sliding microtome. Sections were mounted in PO 4 -buffered glycerol (pH = 7.2) and viewed under epiflorescence (395 excitation/460 emission) with a 10× objective. Five non-overlapping images (1.05 mm 2 ) were captured centered on unusual conduits found in the treated stems (referred to as aberrant vessels in the Results), and an additional five images were taken randomly distributed throughout the section but excluding the unusual conduits. Images were processed in FIJI (Schindelin et al., 2012) using threshold and watershed functions to highlight and separate the filled (i.e., fluorescing) conduits. Each filled conduit was fit with an ellipse in FIJI and the aspect ratio (major/minor axis) and a circularity index (4π (area/perimeter 2 )) were calculated. The conduit diameter was taken as an average of the major and minor axes. Sections were analyzed at the injection (apical) end and then at increasing distances from the point of injection. A higher sampling density was used near the injection end to capture the expected higher proportion of short vessels (Jacobsen et al., 2012) , but was limited by our ability to section samples thinner than about 4 mm.
Xylem width, cell lumen dimensions, and tension wood
Xylem width, tension wood area, and cell lumen properties were determined on subsamples of the segments measured for k s (n = 6 and 5 individuals, respectively, for NPA and control). Two 1.5-cm-long samples were sawn from each k s segment about 5 and 15 cm from the apical end, split longitudinally with a razor blade into the lanolin-treated and untreated (bare) halves and vacuum infiltrated with 70% ethanol. Samples were sectioned at 22 μm with a sliding microtome, stained with 0.1% w/v aqueous safranin-O and mounted in glycerol. For xylem width, whole sections were photographed on a stereomicroscope (2× magnification and 0.63 main objective) and analyzed in FIJI. The distance from the outer edge of the pith to the cambium was measured in three positions equally spaced to capture about one-quarter of the stem circumference (i.e., the central 90° arc along the outer edge of each half), and the average of these three distances was used to estimate xylem width. For cell lumen measurements, sections were viewed with the 10× objective, and five (lanolin-treated half) or eight (bare half) equally spaced, non-overlapping images were captured per half. The two halves were sampled differently to achieve comparable area coverage, as the bare halves contained significantly more area (see Results). The diameter, aspect ratio, and circularity index of all cell lumens-both altered and typical vessels as well as fibers-in each image was determined in FIJI as described above. The inclusion of fibers was necessary because of overlapping diameter classes between the two cell types, but also because it was not entirely clear how to categorize the cells formed in NPA-treated stems. Due to the highly automated nature of the image processing (nearly one million lumens were measured) and the presence of tension wood in some samples (see below), diameters less than 20 μm were considered unreliable and were removed from the data set before analysis. Although 20 μm was not selected as a threshold to distinguish between fibers and vessels, it likely had the effect of removing a large majority of the fibers and a very small proportion of the vessels.
The proportion of area occupied by tension wood was also determined for each segment half. Regions of tension wood were outlined using a paint tool in FIJI using the same images as captured for lumen diameters, where delineations were made based on the
presence of gelatinous fibers (Ruelle, 2014) but drawn to include neighboring and/or embedded vessels. Gelatinous fibers were easily visible due the unstained g-layer, which ranged from thin to thick and typically buckled into the fiber lumen. In images containing tension wood, the g-layer had the unwanted effect of dividing the lumen into two or more smaller particles, making an accurate estimate of the smallest lumens impossible.
Statistical analyses
Statistical analyses were performed in R (R Core Team, 2016). Linear mixed effects models were fit using the lme R package v. 3.1 (Pinheiro et al., 2016) with plant included as a random effect. For specific conductivity, fixed effects included treatment (TRT; NPA or control), measurement relative to the high-pressure flush (FLUSH; initial or post-flush) and their interaction (TRT × FLUSH). The effects of TRT within the initial and post-flush conditions and the effects of FLUSH within each treatment were tested with contrasts using the contrast R package v. 0.21 (Kuhn, 2016) . For xylem width, tension wood area and cell lumen properties, fixed effects included treatment (TRT; NPA or control), stem side (SIDE; bare or lanolin), and position within the segment (POS; top or bottom) and their expanded interactions. In no case was POS significant (or close), either as a main effect or in interaction, so the average of top and bottom measurements was used, and fixed effects were reduced to TRT, SIDE, and their interaction (TRT × SIDE). Contrasts were used to compare xylem width and lumen properties across TRT within SIDE, and across SIDE within TRT. The frequency distribution of cell lumens was visualized with equal-area violin plots, which plot a density trace symmetrically to the left and right of a traditional box plot (Hintze and Nelson, 1998) .
RESULTS
Specific conductivity (k s , m 2 ·s −1 ·MPa −1 ) was slightly reduced in NPA-treated stems relative to controls, but this difference was largely eliminated following a high pressure flush to remove embolisms ( Fig. 1) . A variable effect of the flush is also reflected in the TRT × FLUSH interaction (not technically significant at P = 0.07) in the mixed model (Table 1) , where the percentage increase in k s following the flush (mean ± SE) was 7 ± 4% for control (n = 12) and 37 ± 14% for NPA stems (n = 13). Initial k s measurements were lower for NPA-treated stems relative to controls (contrast P = 0.03), but there was no difference in k s between NPA and control stems following the high-pressure flush (contrast P > 0.1). Similarly, the NPA-treated stems showed a significant increase in k s following the high-pressure flush (contrast P < 0.001; initial vs. post-flush), whereas the control stems showed no effect (contrast P > 0.1). The anatomy of NPA-treated stems differed strongly from those of controls. Most notably, narrow bands of highly clustered, smalldiameter vessels formed in tangential arcs on the side of the stem that received the NPA application (Fig. 2) . Growth was maximally reduced at the center point of the NPA application, and the arcs extended around the circumference from this point, ranging from 45° to over 90°, rarely extending to about 150° from the center point (i.e., in extreme cases, they nearly formed a circle). More square FIGURE 1. Specific conductivity (k s , m 2 /sMPa), measured before and after a high-pressure (0.2 MPa) flush, of hybrid poplar stems treated with the auxin transport inhibitor NPA (versus lanolin + DMSO control). A standard box plot is shown representing the median and first and third quartiles. The effect of NPA on initial k s was significant (contrast P = 0.03) but not significant after the flush (contrast P > 0.1). Bare side 3.5 ± 0.1 4.1 ± 0.1 SIDE: t = -3.37, df = 9, P = 0.01 TRT: t = 3.51, df = 9, P = 0.01
Lanolin side 2.6 ± 0.1 2.9 ± 0.1 Tension wood area (%) Bare side 10.0 ± 2.6 9.3 ± 1.8 SIDE: t = 1.96, df = 10, P = 0.08 Lanolin side 19.8 ± 4.5 17.6 ± 3.6 FIGURE 2. Aberrant vessels formed in tangential arcs within NPA-treated stems (A, B) but were absent from control stems (C). Stem sections are shown oriented with the region receiving the lanolin treatment (NPA or control) at the top. Typically, the treatment extended about one third of the way around the stem, but the treated region varied considerably due to petiole positions, such that in any given section it was not possible to know the exact delineation of the treated surface. Multiple bands of aberrant vessels formed in some samples with fibers forming in the intervening space (inset 3). All whole sections are shown at the same scale (scale bar: 2 μm); scale bar in all insets: 500 μm.
than round due to their dense clustering, these vessels formed in single or occasionally repeating tangential bands within the treated half (Fig. 3) . The aberrant vessels were significantly smaller in diameter than typical vessels and, in some cases, approached the diameters of fibers, such that there was a distinct downward shift in the frequency distribution of lumen diameters in NPA-treated stems (Fig. 4) . Note that these measurements are based largely on vessels but likely include some of the larger fibers and exclude some of the smaller aberrant vessels, suggesting that the difference may be even more extreme than shown here. This treatment effect is reflected in a marginally significant TRT × SIDE interaction term (P = 0.05) when analyzing mean overall lumen diameter (Table 1) .
This effect was restricted to the NPA-treated side of the stem, as the mean lumen diameter was the same on the bare side when comparing control and NPA treatments (contrast P > 0.1) but was significantly smaller when comparing the two treatments on the lanolin side (contrast P < 0.001). There was no difference in diameter between the two sides of control stems (contrast P > 0.1) but a highly significant difference between the two sides in NPA-treated stems (contrast P < 0.001). The aberrant vessels were significantly shorter than typical vessels ( Fig. 5 ), smaller in diameter (Fig. 6) , less circular (i.e., more square), and more elongate ( Table 2) . Silicone injections successfully filled all vessels at the injection end, but the number of filled aberrant vessels quickly dropped off, with the maximum distance that silicone was able to travel ranging from 2 to 5 cm. In contrast, a small number of typical vessels from both NPA-treated and control samples remained filled up to 10 and in one case, 15 cm (data not shown). The diameter of filled typical vessels (and equivocally for aberrant vessels) increased slightly over the first 1-2 cm from the injection end (Fig. 6) , the span over which the most rapid decrease in number of filled vessels was observed. Despite the distinct shape of aberrant vessels, when lumen circularity and aspect ratio were considered for all lumens >20 μm, there was no effect of treatment or side (Table 1) .
Both control and NPA-treated stems grew asymmetrically (Fig. 7 ) and formed tension wood, but only the asymmetry was affected significantly by the NPA treatment ( Fig. 8; Table 1 ). Xylem production increased on the bare side of all stems relative to the lanolin side (SIDE was a significant main effect in the mixed model; P = 0.01), whereas NPA-treated stems had slightly increased xylem production on both sides of the stem relative to controls (TRT was a significant main effect; P = 0.01). Although many stems formed substantial amounts of tension wood, the affected areas were concentrated on the lanolin-and narrower-side of the stem (Fig. 8) , irrespective of (A, B, C, D, H) were small, highly clustered and square in outline relative to typical vessels. Vessels formed on the treated side of control stems (E) were similar to those formed on the untreated (i.e., bare) side of both NPA (F) and control (data not shown) stems. Tension wood formed within most stems but occurred more frequently on the lanolin side, where it was equally common in control (G) and NPAtreated (H) stems. Two or three bands of aberrant vessels separated by fibers occurred in some stems in a manner that ranged from distinct (B) to subtle (D). Scale bar: A-C, E-H, 100 μm; D, 200 μm. The violin plot shows the density (i.e., frequency) of data at a given diameter normalized by the total number of data points. The NPA-treated stems include a higher proportion of smaller lumen diameters on the lanolin side, whereas the bare side distribution is similar to that of control plants.
Values below 20 μm were considered unreliable due to the presence of gelatinous fibers in tension wood and were removed from the data for analysis (see Methods).
the NPA treatment and with no evidence of an interaction (i.e., SIDE P = 0.08, TRT P = 0.9, SIDE × TRT P = 0.7).
DISCUSSION
The fact that bands of aberrant vessels formed in response to a chemically induced reduction in auxin transport capacity suggests that vessel development is, at least in part, reliant on auxin transport. Populus stems treated with NPA had significantly altered vessel patterning, where vessels were smaller in diameter, square in cross section, and more highly clustered than those in untreated wood. Aberrant vessels often formed in wide bands, taking the appearance of tracheids, but silicone infusion showed that they were indeed perforate elements, extending in most cases just 0.5 to 1 cm. Given the large number of short vessels, some are likely only a few cells long.
The anatomy produced in NPA-treated stems is consistent with a model in which polar auxin transport (PAT) channels IAA rapidly through expanding vessels, although this is admittedly speculative. Preliminary attempts to quantify IAA and IAA response in these FIGURE 5. Approximate minimum lengths of aberrant and typical vessels as indicated by silicone injection into the apical end of a stem segment. Typical vessels distributed throughout NPA-treated stems showed length profiles similar to controls (LANOLIN), whereas aberrant vessels are markedly shorter, rarely exceeding 2 cm. Note that conduits could be longer than lengths shown because it is not known where they begin relative to the delivery end, nor where they end precisely. Profiles of all four control stems can be found in Appendix S3. FIGURE 6. Diameter of silicone-filled vessels (mean ± SE; where the number of vessels at each position [n; shown in Fig. 5 ] decreases with distance from the injection). The diameter of typical vessels in NPA-treated stems is similar to controls (LANOLIN). Vessel diameters of all four control stems can be found in Appendix S3.
TABLE 2. Mean (±SE) shape properties of typical vs. aberrant vessels in silicone-
injected NPA-treated and control stems. Results from paired t-tests comparing typical and aberrant vessels within the same NPA-treated stem (n = 4) are shown. Typical vessels did not differ between control and NPA-treated stems (unpaired t-test P > 0.5).
Variable
Control NPA
Paired t-tests (NPA-treated)
Circularity index Typical vessels 0.80 ± 0.01 0.80 ± 0.01 t = -5.03, df = 3, P = 0.02 Aberrant vessels N/A 0.75 ± 0.01 Aspect ratio Typical vessels 1.41 ± 0.02 1.42 ± 0.01 t = 3.05, df = 3, P = 0.05 Aberrant vessels N/A 1.70 ± 0.10 tissues via LC/MSMS quantification and GUS expression in PtaDR5 lines (Spicer et al., 2013) were inconclusive, due in part to a small sample size and the fact that most stems had returned to producing normal tissue at the time of harvest. However, previous work in our lab suggests that this concentration of NPA would dramatically reduce the rate of basipetal IAA transport in the cambial zone (Spicer et al., 2013) . If basipetal PAT were reduced, IAA would be forced to spread laterally, creating a larger area of vessels each with reduced expansion. Reduced cell expansion could also be attributed to reduced wall acidification under the acid growth hypothesis (Spartz et al., 2014) , but it is more difficult to link this process to the immediate effect of NPA, which is to reduce transport. The fact that some of the most extreme anatomies (e.g., those with the widest bands of smallest and most square vessels) showed repeating bands of aberrant vessels is particularly interesting with respect to PAT and suggests pulses of basipetal transport over time. Repeating bands could occur if a threshold of IAA were required for vessel differentiation and/or canalization. Although it is obviously impossible to draw mechanistic conclusions without knowledge of the timeline of the relationship between NPA application and IAA concentration in the cambial zone and developing xylem, it is important to stress the importance of transport rate and to distinguish this from concentration. Future work must consider both and would benefit greatly from transgenics in which the IAA transport rate is endogenously reduced. Unfortunately, the size and position of the cambial meristem makes it exceedingly difficult to achieve the necessary spatial and temporal resolution for IAA quantification.
Although the aberrant vessels constituted a small proportion of the stem volume, they likely contributed to the difference in initial specific conductivity (k s ) observed between treatments. Although the TRT × FLUSH interaction was not technically significant (P = 0.07), the high-pressure flush significantly increased k s in NPAtreated stems but not control stems, thereby eliminating any difference in k s between NPA and controls. The fact that post-flush k s was similar for the two treatments suggests that NPA-treated stems contained more native embolisms rather than having a reduced maximum (i.e., post-flush) conductivity. The presence of embolisms is somewhat surprising given that plants in the greenhouse were well watered, but significant tensions in the stem could still be expected to develop mid-summer and, for this reason, care was taken to "relax" the tension in the stem before cutting. It is also worth noting that if this were the case (i.e., embolism as artifact of cutting), it would suggest that NPA-treated and control plants differed significantly in xylem tension. Although short, narrow conduits might be expected to be more resistant to embolism (Tyree and Sperry, 1989; Hargrave et al., 1994; Tyree et al., 1994; Sperry et al., 2006 Sperry et al., , 2007 , the extensive clustering of aberrant vessels and/or changes in pit membrane structure might make them more vulnerable to embolism spread Hacke et al., 2006 Hacke et al., , 2017 Loepfe et al., 2007; Christman et al., 2009; Brodersen et al., 2013) . Similarly, the greater amount of wall area in more angular vessels could increase the number of sites for heterogeneous bubble nucleation (Wheeler and Strook, 2009; Schenk et al., 2017) . Although not quantified in this study, it is also possible that a reduction in vessel-ray contact area within bands of aberrant vessels altered the likelihood of embolism formation or spread (Morris et al. 2018, in this issue) . The plants in this study make an especially interesting system for experimental work on conduit structure and hydraulic function because it may be possible to create a range of xylem anatomies (e.g., varying degrees of clustering) with different treatment severities while keeping other characteristics constant. Future work in this system will include more detailed anatomical studies of perforations and pitting characteristics via macerations and SEM.
Stems in this study formed significant amounts of tension wood (TW), but its location was not related to the NPA treatment or to stem eccentricity. The latter observation is surprising given that TW formation is often accompanied by an increased rate of xylem production (i.e., the side of the stem forming TW is wider than the opposite side; Ruelle, 2014; Groover, 2016) . In contrast, the stems in this study formed significantly more tension wood on the side of the stem receiving the lanolin treatment, where xylem production was suppressed (i.e., the growth increment was narrower), regardless of whether it included NPA. It is not clear why more tension wood should form on the treated side, as the stems did not have a FIGURE 7. Width of xylem formed in control and NPA-treated stems on both bare and lanolin sides (standard box plot). Both side of the stem (P = 0.01) and treatment (P = 0.01) were significant main effects in the mixed model with no interaction, where the dominant effect was an increase in xylem production on the bare side, regardless of the treatment. FIGURE 8. Percentage xylem area occupied by tension wood as indicated by the presence of gelatinous fibers. All stems formed significant amounts of tension wood, but there was no effect of the NPA treatment (P = 0.9) or side of the stem (P = 0.08), both of which were main effects. consistent lean direction with respect to the lanolin treatment (all stems leaned to some extent, but were moved and rotated throughout the experiment). Most likely, this response was a true effect of the combined lanolin treatment (i.e., lanolin + DMSO + lightblocking foil) but with unknown cause.
Although not the focus of this study, the fact that NPA treatment did not have a significant effect on TW formation is interesting in light of decades of conflicting results regarding the role of auxin in this process. A great number of studies over as many years have suggested that auxin is redistributed in leaning stems and branches such that the IAA levels increase in the lower cambial zone (where lower refers to the underside of the stem with respect to the lean) and increase in the upper cambial zone (Little and Savidge, 1987; Gardiner et al., 2014) , and this asymmetric distribution has been interpreted as causal in the formation of both tension wood and compression wood (the reaction wood formed in gymnosperms). Most of these studies relied on exogenous application of auxin or auxin transport inhibitors, however, and when actual IAA levels were quantified in the cambial tissues, the expected differences in concentration were not found (Sundberg et al., 1994; Hellgren et al., 2004) . More recently, localization of the auxin transport protein PIN3 was shown to drive a lateral redistribution of auxin in Populus stems in response to a gravitational stimulus (Gerttula et al., 2015) , where both the auxin response and tension wood production were enhanced by gibberellic acid (GA). This case is just one example demonstrating that auxin is almost certain to have multiple roles in regulating wood development and that its action must be considered in concert with other hormones in a cell-specific context.
The dominant anatomical feature of tension wood is the formation of "gelatinous fibers"-so called due to an additional cell wall layer (the g-layer) with altered chemistry and light refractive properties, but it is important to note that vessel distribution and size can be affected as well (Wardrop, 1964; Jourez et al., 2001; Felten and Sundberg, 2013) , which could affect specific conductivity. Tension wood is typically reported to have a reduced vessel frequency and diameter (clearly visible in fig. 1 of Gerttula et al. [2015] ), but increased frequency (Gartner et al., 2003) and larger diameter (Jourez et al., 2001) have also been shown. Although we did not measure it specifically in this study, areas of tension wood typically had fewer and smaller diameter vessels. However, as noted above, the presence of tension wood was similar in control and NPA-treated plants and thus unlikely to explain any hydraulic differences.
Xylem production was slightly enhanced by the NPA treatment on both the bare and treated sides of the stem, but much more strongly affected-and suppressed-by the lanolin treatment. It is not known whether this effect was due to the lanolin, DMSO, lightblocking effect of the foil, or some combination of these factors. Lanolin would serve to reduce gas exchange through the epidermis (the first periderm was not established yet in these plants), and after 5 wk the surface of the epidermis beneath the treatment was mottled and showed expanded lenticels. DMSO was included in both treatments at 2% (v/v; the minimum amount required to dissolve the NPA), where it is used as a solvent and to enhance membrane permeability (Gurtovenko and Anwar, 2007) . Although this concentration is well below what is commonly used in cryoprotection and cell culture assays (Delmer and Mills, 1969; Delmer, 1979; Finkle et al., 1985; Reed, 2008) , toxicity and negative effects on growth have been reported at concentrations as low as 0.05% in some tissues (Zhang et al., 2016) . It is also possible that light exclusion by the foil reduced carbon fixation in cortical tissues (Pfanz, 2008; Saveyn et al., 2010; Bloemen et al., 2016) , although if this reduction affected stem growth, it would imply a highly localized incorporation of carbohydrates into new xylem tissue.
In summary, while there is no doubt that this treatment would have multiple effects on auxin transport and distribution in stems, the salient result is that a significant effect on vessel patterning appears exclusive to the NPA treatment. Although auxin specifies the location of vasculature (i.e., vascular bundles) in primary tissues and moves basipetally through the cambial zone, it would be a novel role for auxin if PAT were to specify the cell files that go on to differentiate into vessels. Future work in this area should focus on identifying candidate PIN proteins and examining their orientation during vessel development.
